This paper describes a computational method for estimating the body reflectance function of color surfaces. The experimental apparatus consists of a vision system having seven spectral channels whose wavelength sensitivities cover the visible spectrum. The estimation of the spectral-reflectance function is based on finite-dimensional linear models. In order to use digitized imaged data to evaluate the surface reflectance, a procedure for bypassing the problem of unknown illuminant spectral-power distribution was devised. For the simple objects utilized (color checker charts), it is found that an accuracy greater than 97% can be achieved.
INTRODUCTION
It is estimated that the human visual system can discriminate about 10 million different colors, at least under optimum viewing conditions [ 11. Through a proper use of color, therefore, it is possible to convey a tremendous amount of information about imaged objects. In applications of Medical Diagnosis of pigmented lesions, e.g., early diagnosis of malignant melanomas [2] , and Cultural Heritage, e.g., archival of Works of Art [3] , exact color measurements may be indispensable for a correct image interpretation and judgment. In such applications, an image must be recorded by measuring the surface reflectance function, which specifies the fraction of incident illumination reflected by a surface as a function of the wavelength, or better, in a number of different wavelength bands, by means of color filters scanning the whole visible spectrum. Depending on the number of filters (sensors) used for acquisition, R-G-B scanners (three sensors) or multispectral scanners (more than three sensors) are concerned. Recovery of the surface reflectance function from the output of scanner sensors is an extremely complex task, because the reflected light is made up by the surface reflectance and by the illuminant spectral-power distribution as well. Being able to extract color descriptors that are independent of illumination is desirable, because of the variety of situations in which color accuracy is mandatory, but light L. Alparone, V Cappellini, A. Prosperi
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A classical approach to color constancy is the finitedimensional linear model [5, 6, 71. Such a method conveys all spectral information into few numbers, supposing that illumination and reflectance can be approximated each by a weighted sum of basis functions. Thus, by making use of the relationship between the output of the scanning sensors and the basis-function weights, it is possible to recover both the weights representing the surface reflectance and those representing the illumination. In this paper, a novel procedure is devised for bypassing the problem of unknown illuminant spectral-power distribution. It is based on the assumption that color responses between a uniform illuminant and a standard one are approximately a linear transformation apart [8] . It follows that color constancy is a problem of parametrizing the linear transform which takes the sensor responses to an unknown illuminant and converts them to approximate the condition of a uniform illuminant.
THE VASARITM SCANNER
The VASARITM scanner [3] is an extremely sophisticated imaging system which allows high-resolution digital color images to be acquired directly from paintings, and whose main feature is the extremely high-quality color reproduction. The VASARITM scanner employs a camera system composed of a monochrome CCD camera (Kontron ProgRes 3012), high-quality lenses designed for producing microfiche films (Zeiss Z-Planar f4/32) and several filters. The camera has a 12-bit A/D converter built in its head, so that color signals can be safely transferred to the processing workstation. The imaging sensor is a standard CCD monochrome TV camera with a 3000 x 2300 resolution.
Unlike commercial scanning systems working in three spectral bands, broadly corresponding to red, green and blue primaries (R-G-B), the VASARITM scanner employs 7 spectral filters to span the visible wavelengths. From the responses of such filters, tristimulus values (CIE XYZ) are derived by means of a weighted interpolation. Figure 1 shows the spectral transmittances of the 7 filters used by the VASAFUTM scanner, in the range 400 nm to 700 nm, which usually represents the visible spectrum. As appears, the violet filter (leftmost) transmits a little amount of energy in the visible spectrum. Thus, it is not utilized during the acquisition of paintings [3].
Color accuracy is ensured by a preliminary calibration procedure based upon an LS fit to the color patches of a color-checker chart, specifically the Mucbeth chart, which is composed by 24 colors uniformly spread over the visible spectrum, whose reflectances are available, having been measured through a laboratory spectrophotometric instrument. Such color patches are scanned for calibration, and their XYZ responses matched to those recorded.
MATHEMATICAL DEFINITIONS
In the following, a vector space approach [9] will be considered to represent the visible spectrum (400 nrn -700 nm), which is sampled at N wavelengths. N should be large enough so that integrations occurring in the recording process can be accurately approximated. The spectral reflectance of an object can be represented by an N-element vector f . Goal of this work is to devise a method for recovering the surface reflectance f from the vector c representing the response of the acquisition system. In the literature, this problem is referred to as "color constancy" [5] .
Linear finite-dimensional models [6, 71 will be used to describe the surface spectral-reflectance vector of an imaged obiect. Specifically, suppose that a close approximation of f, f , can be exactly expressed as a linear combination of M basis functions
where F is an N x M matrix whose columns contain the basis functions that describe most of the reflectance spectra in a training dataset, and d is the M-element vector which represents the weights of the linear expansion (2).
An approximation E of the true response c from the acquisition device may be straightforwardly derived from (2), as
Thus, an approximation a of the unknown vector d is obtained from the recorded c by inverting the matrix TtL,F, provided that it is nonsingular,
Eventually, another estimation o f f , 3, is given by (2), with (4) instead of d. The block diagram showing the procedure described above is outlined in Figure 2 , when the VASARITM scanner is used to acquire a color checker chart, with the superscript k indicating the kth color of the set of patches composing the checker chart. 
SPECTRAL-REFLECTANCE BASIS SET
Several approaches have been proposed in the literature for choosing the reflectance basis set F, [7, 10, 111 . In this work, we will consider a six-dimensional model to describe the surface spectral reflectance vector. Such reflectances values were available for a limited range in the visible (400 through 700 nm at steps of 10 nm: i.e., N = 31 samples per spectrum). Thus, the KarhunenLobve analysis was applied to a set of 24 N-component vectors. Among them, the 6 vectors accounting for the maximum variance in the whole set were selected to yield the basis F. The 6 vectors derived from the Macbeth chart are shown in Figure 3 . The fraction of the global variance accounted is 0.9975, thereby confirming the validity of a sixdimensional model.
COLOR CONSTANCY
The term "color constancy" denotes the recovery of the surface color from the tristimulus values given by an acquisition device, e.g., the RGB responses of a color camera, or the X Y Z responses of the human visual system, irrespective of the light illuminating objects. The method described in Sect. 3, however, requires the exact knowledge'of the spectral power distribution of the illuminant L,. By supposing that the spectral data of a color set are known, and by denoting with f k the spectrum of the kth color of the set, the sensor responses cilk under a known illuminant Li are given, from (3), by
TtLifk
(5) C i , k = Now, the dependency from the real illuminant should be overcome by establishing a correspondence between the vector cr", obtained from the acquisition device under unknown light conditions L,, and the vector c~,~ computed as in (5).
As it is known [5, 8, 121 , the color responses between a uniform illuminant and a standard one are approximately a linear transform, provided that some restrictions are imposed, e.g., that surfaces are flat Lambertian tiles disposed parallel to the image plane.
Eventually, let L, be the (unknown) illuminant employed by the multispectral scanner and let Li be the uniform illuminant (Li equals the N x N identity matrix IN). A linear transformation between the sensor responses c'tk and citk can be defined:
( 6 )
The method proposed in this work tries to assess the coefficients of the X matrix by means of an LS procedure over a set of colors for which spectral reflectances are known. Stated for the 24 color patches of the Macbeth chart and a 7-bands scanner ( P = 7), the equation set is:
1 -1 . . . . the VASARITM scanner. An estimation pk of spectral reflectance f k (see Fig. 2 ) can thus be achieved by applying the matrix X to the sensor responses ck and by replacing the unknown illuminant L, with the identity matrix IN.
EXPERIMENTAL RESULTS
Results obtained from two different color object acquired by the VASARITM scanner have been compared. The former is the Macbeth chart, the latter is the widespread color target known as AgfaTM ColorReference, obeying to the IT-8 ANSI standard, which comprises 264 color patches selected to represent the color gamut provided by the major manufacturers of photographic materials [ 131.
The VASARITM acquisition system used throughout this work has a positioning equipment to move the camera and light projector parallel to the surface plane of the acquired object. Thus, the conditions of Lambertian surfaces mentioned in Sect. 5 are fulfilled. Since the lighting system of the VASARITM scanner employs two tungsten halogen lamps, it approaches the properties of a CIE standard illuminant of A type [l] . This illuminant roughly exhibits relative radiant power linearly increasing from 0 in the range 300 nm to 800 nm. Hence, the violet filter (see Fig. 1 ). having nonzero transmittance only in the interval 350 nm -450 nm, captures a very little amount of power; therefore, its response is characterized by an extremely low signal to noise ratio. Thus, it will be neglected in the following and a six-channel acquisition device will be considered instead. Table 1 reports the relative root mean square error €1 relative to each channel 1 (1 = 1, . . . where K is the number of colors (patches) of the acquired object, e.g., K = 24 for the Macbeth chart and K = 264 for the AgfaTM IT-8 chart. The error (9) gives an objective measure (i.e., unaffected by perceptual factors) of the accuracy of the procedure described in Sect. 5. In particular, the results relative to the Macbeth chart indicate that the linear model is well-suited. When the IT-8 is considered, the average error increases up to twice. This is mainly due to the fact that the conversion matrix X was calculated by minimizing the mean square error over the color patches of the Macbeth chart. Consider the following error measurement:
in which fk is the surface-spectral reflectance function sampled at (400+n*lO)nm of the kth color patch. Such a function is a spectral measure of reflected power over incident power, thus resulting to be adimensional and normalized in amplitude, that is 0 5 f," 5 1. 
CONCLUSIONS
The procedure of color constancy presented in this work yields encouraging results, notwithstanding the multispectral scanner employed gives a poor response in the violet region (errors are far lower if restricted outside this interval). The set of basis vectors obtained from the Macbeth chart are rather steady and can be used for other color bodies with little penalty. In fact, a significant amount of error is introduced as a consequence of the material-dependence of the responses, since the two color-checker charts available were printed on materials having different glossinesses (the IT-8 is glossier). Thus, when the IT-8 is used for training, errors follow the same trend, but are about 10% larger. Eventually, the proposed method is easily generalizable also to commercial R-G-B or multispectral scanners.
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